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(54) Viewing device for head mounted display 

(57) This invention is directed to provide a head- 
mounted display device (HMD) which is capable of pro- 
viding a high-quality and impressive image with an im- 
proved S/N ratb through a super-wide-field-angle short- 
focus lens for obtaining wide-field-angle visual informa- 
tion. An optical device used for the HMD according to 
the present invention comprise: two polarison (32,137) 
a reflecting and refracting means (33) is rr^de of copo- 
lymerized high-potymer material having positive and 
negative photoelastic coefficients against an internal 
stress; a first and second quarter-wave plates (1 34, 1 36) 



have refractive indexes in the direction of their thick- 
ness, which values are within the rangef rom the minimal 
value and a maximal value of refractive indexes of re- 
spective quarter-wave ptates; the quarter-wave plates 
(1 34,1 36) are disposed so that their extensk>n axes in- 
tersect each other at a right angle and a hatfmirror (35). 
First and second wideband-wave plates (134,136), 
each of which is prepared by bonding a half-wave plate 
to a quarter-wave plate at a suitable angle may be used 
provkled; and optical elements are covered at their sur- 
faces with anti-reflection coating or bonded to each oth- 
er with optical adhesive. 
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Description 

BACKGROUND OF THE INVENTION 

5 Recently, a head mounted display (hereinafter referred to as HMD) has attracted public att ntion as an imag 

display which can be used for representing visual information of virtual reality, rennote control of a rotx)t and so on. 
HMD devices of this type are required to have so high-resolution and wide-field-of-vision that may provide video infor- 
mation with an enhanced impression of reality ar^ the presence. It shall be also light and small so that a user may 
easily mount it on his or her body (particularly on the head) with no trouble. 

10 The HMD is a spectacle-like case mountable on the user's head, wherein paired back lights. Iquki-crystal displays 

(LCDs) and lenses are disposed in the described order from the front external side of the case (Fig. 1). The viewer 
who wears the HMD on own head can view an image on the LCDs through the lenses in an enlarged scale as if it 
wouM be displayed on a large screen. 

Recent rapid devebpment of LCDs has provided miniaturized high-quality LCDs usable in HMD. However, an 

IS optical system that is another main component of a HMD has not sufficiently been improved with respect to saving in 
size and weight. HMDs have been mainly applied in the industrial fields, in particular, as devices for studying of virtual 
reality. However. HMD devices find wide and increasing application for home-use game-machines, VTR displays and 
so on. Therefore, there is a keen interest in further devebpment of more compact and light-weighted HMDs. 

To solve the above-mentioned problenr^s, the present applicant prevbusly proposed an optical device which is filed 

20 in Japanese Patent Appltcatk>n No. 7-231368. This optical devk;e will be described bek>w 

Coordinates used for explaining the optical device is defined as folbws: an axis being nonmal to a sheet plane and 
directed this side is x-axis, an axis being parallel to the sheet plane and directed upward is y-axis and an axis being 
normal to x-axis and y-axis and directed to the right is z-axis (Fig. 3A). A rotation angle is an angle formed between y- 
axis and x-y plane when obsen^ing akxig z-axis (Fig. 3B). The directnn of ckxkwise rotation is defined as a positive 

2S rotational direction. 

The optical devbe comprises a Itqukl crystal display (LCD) panel, a first polarizer plate, a planoconvex tens having 
a half -mirror coating on its convex surface, a first quarter-wave plate, a half-mirror, a second quarter-wave plate and 
a second polarizer plate, ail of which are arranged in the described order from the incident skle so that they are included 
in the x-y plane and are normal to the optical axis of the optical unit (Fig. 4). 

30 The directk)ns of the optical elements (components) are as follows (Fig. 5): the first and second polarizer plates 

are disposed to direct transmitting polarized light to the y-axis direction and the first and second quarter-wave plates 
are disposed so that their extensbn axes make an angle of -45 degrees with the y-axis. 

Inckient light from the LCD disposed at the left skie enters into the first polarizer plate whereby it is polarized to 
the y-axis direction. The polarized light passes a half-mirror-coated plano-convex-lens and then the first quarter-wave 

35 plate whereby the plane-polarized tight is converted into circulariy polarized light. 

The light is then divkJed by the half-mirror into directly transmitting tight 41 and reflected light 42. The direct light 
is converted again by the second quarter-wave plate from the circularly polarized light into the plane-polarized light. 
As the respective stretch-giving axes the first quarter-wave plate and the second quarter-wave plate have the same 
directkyi the light is the same as passed a hatf-wave plate. The plane-polarized light is rotated by 90° and directed in 

40 the X-axis directk>n. 

Namely, the light alters its polarization direction by 90° at every time when passing the first and second quarter- 
wave plates and is. therefore, absorbed by the second polarizer plate. Thus, noise light from the LCD can be shut off 
before reaching the user's eye. 

On the other hand, the reflected light from the half-mirror passes again the first quarter-wave plate whereby it is 
45 converted to plane-polarized light directed in the x-axis direct k)n. The plane-polarized light passes the planoKxmvex 
lens and is reflected from the half-mirror coating thereof. The polarizatbn directk^n of the light is not changed by re- 
flectk>n. Accordingly, the light is left as plane-polarized. 

The tight passes for the third time the plano-convex lens and then th e first quarter-wave plate whereby it is converted 
to circularly polarized light which further enters into the half-mirror and is divkJed into two parts: one passes the half- 
so mirror and the other is reflected therefrom. The transmitted light then passes the second quarter-wave plate whereby 
it is converted to plane-polarized light. 

In contrast to the aforementioned direct tight, the plane-polarized light is confined to the y-axis direction since it 
passed through the first quarter-wave plate two nrK>re times. Consequently, it passes the second polarizing ptete and 
reaches the user's eye. 

ss While the light passes three times the planoconvex lens, it is subjected to refracting actkxis of the lenses and 

actions of th half-mirror-coated concav mirror and, ther f re, gains an optical pow r several tim s larger than light 
passed through a single plano-convex tens. In other words, it is possibi to obtain the same optk:al power by using an 
optical unit having several times reduced thbkness and w ight. 
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All optical elements ar bonded to ach other or disposed close to each oth r to compose a thin optical unit (Fig. 6). 

Accordingly, a HMD is particularly requested to hav a reduced thickness (protrusion from th user's face) arwJ a 
reduced weight loading the user's fac so as to b comfortably used. The above<described optical device is effectively 
usabi f r HMDs. 

5 H wev r. the optical devic (hereinafter described as th earli r optical device or the earlier devic ) filed in Jap- 

anese Patent Application No. 7-231 368 has such a drawback that each optical element has not ideal characteristic 
and produces unnecessary noise light, decreasing a S/N-ratio of the optical system. Noise rays are produced for the 
folbwing six main reasons: 

(1 ) The first reason is birefringence (double refraction) in the ptanoKX)nvex lens. This lens is preferably made of plastic 
10 material to have a reduced weight However, many plano-convex lenses made of conventknal optical plastics (e.g., 
acrylic resin) have birefringerK:e caused by internal strain produced in manufacturing process. The planoconvex lens 
having the birefringence causes light passing therethrough to change its polarized condition. Consequently noise rays 
from the LCD directly reach the user's eye and necessary rays of light (hereinafter referred to as signal light) are 
disturbed, resulting in decreasing a signal-to-noise ratio of an image to be displayed. 
IS (2) The second reason is a change of retardation characteristk: of the first and second quarter-wave plates with an 
angle of light passing therethrough. When the angle of passing light differs from the designed value, the retardatk)n 
value shifts from 1/4 of the wavelength and, therefore, the light can not be shut off or transmitted as designed. Con- 
sequently, similarly to the case of reason 1 . some rays of light from the LCD may directly reach the user's eye as rK>ise 
light 

20 An anisotropic body such as a quarter-wave plate nr^y have different refractive indexes in different directions, 

whk^h is expressed by using a refractive index ellipsoid that is as follows (Fig. 1 0): 

In a plane of a quarter-wave plate, there is set a coordinate system wherein X-axis corresponds to the direction 

of a stretch-giving axis of the plate, Y-axis is nomral to X-axis and Z-axts is normal to X-axis and Y-axis and extends 

in the plate thk:kness directbn (Fig. 9). 
25 Now let suppose light propagating abng Z-axis. Usually, this light is expressed as a synthesis of plane-polarized 

light in the direction of X-axis and plane-polarized light in the directk>n Y-axis. Refractive indexes of two plane- 

polarized rays in the quarter-wave plate made of anisotropic material are different from each other and expressed as 

n, and (Fig. 9A). 

Further, light propagating along X-axis and plane-polarized in the directkxi of Z-axis is supposed and its refractive 
30 index is expressed as (Fig. 9B). An ellipsoid shown in Fig. 10 is obtained using the refractive indexes according to 
the foltowing expressbn: 



(x^yh,^^ + y^Aiy^ + 2^/n/) = 1 (Equation 1 ) 

35 

The ellipsoid is so called refractive index ellipsoki that can be used for approximately determining refractive indexes 
of light rays propagating in ordinary directions except the above-mentkxied directk>ns as folbws: 

Light tfiat propagates in a direction A, by way of example, is considered (Fig. 11 ). In this case, a line that intersects 
the refractive index ellipsoid and a plane passing an origin and being normal to the light propagation directkxi A is first 
^ This determined line as atxsve-mentkxied describes an ell'pse whose major axis and minor axis indicate two re- 

spective axes of plane-polarized rays into which incident tight is split. Refractive indexes of these two plane-polarized 
rays are determined by lengths of the ellipse major and minor axes respectively. This refractive index ellipsoki is very 
useful for determining a refractive index of a retardatk>n plate for any light passing in any directbn therein. 

Many conventional quarter-wave plates are sheets made of potycartxxiate stretched in a certain directk)n. Many 
^ of these sheets have a refractive index ellipsoid which characteristics of > n2 = riy as conventional quarter-wave 
(Fig. 12). 

The quarter-wave plate of the above-mentioned characteristic can give an adequate retardation to light passing 
the plate (sheet) at right angles but it alters retardation of light passing therethrough at an oblique angle. For example, 
a retardatkxi for light entering obliquely into the quarter-wave plate in a plane Z-X is calculated by using the refractive 
so index ellipsoid as follows: 

{ ^Jl/^cos^e/n/ + sin^e/n^ - ny} X d/cosG x 1/L (Equation 2) 

^ In Equation 2, 6 is an oblk^ue angle measured from a normal line, d is a thk:kness of the quarter-wave plate (=60 
mkirometers), n^ is a refractive index in the directk>n X (= 1 .5922), riy is a refractive index in the direction Y (= 1 .5900), 
n^ is a ref ractiv index in the direction Z (= 1 .5900) and L is a wavelength of th light (= 520 nanomet rs). 
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The equation 2 is calculated by putting numerical values therein. As is appar nt from a change f retardation with 
incident angles measured from th n rmal. r tardation is decreased twic at an incident angt of 6Cr (Fig. 13). Ac- 
cordingly, an optical system using the quarter-wave plate allows slant rays to pass at a side of the visual field and fall 
into the user's ye and absorb a part necessary signal light, resulting in decreasing a S/N ratio of a display imag . 

s (3) TTi third reason is a change of retardation charact ristics of th first and second quarter^av plates for wav - 
lengths. If the wavelength of each quarter-wave plate does not match with the designed value, its retardation deviates 
from 1/4 of the wavelength and the plate can not shut off and transmit light rays as be designed. Consequently, a part 
of light from the LCD, similarly to the first and second cases, directly reaches the user's eye as noise light to be further 
described below in detail (Fig. 14): 

10 The earlier optical device disposes the first and second quarter-wave plates so that their stretch-giving axes match 

with each other and incline at 45* to a transmission axis of the first polarizer plate. In this unit construction, the first 
quarter-wave plate and the second quarter-wave plate can cooperatively act as a half-wave plate. Consequently, the 
light from the first polarizer plate passes the first and second quarter-wave plates and emerges therefrom as poterized 
in direction normal to the transmission axis of the first quarter-wave plate. 

IS To absorb this light that may reach the user's eye directly from the LCD, the second polarizer plate is disposed so 

that its transmission axis is coincident with the transmission axis of the first polarizer plate. The desired purpose can 
be realized if the quarter-wave plates have an ideal quarter-wave retardation for any wavelength. 

However, practical quarter-wave plates vary retardation with wavelengths. By way of example, wavelength char- 
acteristics of polycartxxiate usually used as a quarter-wave plate has a specific relation between a wavelength of 

20 transmitted light and retardation of the light (in percentage to wavelength) (Fig. 15). 

The first and second quarter-wave plates having the characteristics are disposed with their stretch-giving axes 
being In line. In this case, total retarctetion characteristic of the first and second quarter-wave plates may remain a 
change of retardation depending upon wavelengths. In partk:ular, blue light having a short wavelength suffers retar- 
dation by 3/4 of the wavelength (Fig. 16). 

2S Accordingly, the second polarizer plate disposed after the second quarter-wave plate can not absorb all rays of 

light, allowing blue noise light to reach the user's eye. As the combined retardation of two quarter-wave plates varies 
with wavelengths of light rays, light rays pass the second polarizer plate and reach the user's eye as noise light. 

A function of a simple quarter-wave plate is described below in detail by using a Poincare's sphere. The Poincare's 
sphere is a system indicating polarization of light by points on a sphere (Fig. 1 7). If this sphere is regarded as the earth, 

30 points corresponding to the north pole and the south pole indicate counterclockwise circularly polarized light and a 
clockwise circularty polarized light respectively. A point on the equator relates to plane-polarized light and a tongitude 
on the equator corresponds to twice an angle of the plane-polarized light. 

Accordingly, if a k>ngitude in a -Z-axis direction is defined 0, a point on the equator in a Z-axis direction represents 
a vertical straight line and -X-axis directbn represents plane-polarized light in a45-degree directbn. Similarly, a x-axis 

35 directbn indicates a plane-polarized light in a horizontal directbn and a x-axis directbn indicates plane-polarized light 
in a -45-degree directbn. A space between the equator and the north pole represent an elliptbally polarized light. Thus, 
any polarized light can be expressed by a point on the Poincare's sphere. 

The f unctbn of a retardatbn plate is expressed as an effect of rotating the Poincare's sphere by a retardatbn value 
measured in terms of angles. In this case, a rotation axis is defined as a straight line jointing a center of the Poincare's 

^ sphere with a point on the equator, which corresponds to a doubled longitude degree in the optical axis directbn of 
the retardatbn p^te. 

A simple quarter-wave plate used in the conventional optical unit is now examined (Figs. 1 8A and 18B). A standard 
polycartx)nate^ade quarter-wave plate is disposed with its stretch-giving axis disposed in a -45-degree direction in 
order to obtain counterclockwise circularly polarized light when a planei)olarized vfeible light (400 nm - 700 nm) falls 

4S on the plate at an angle 90° thereto. 

The above-mentioned object can be realized if the retardation amount of the quarter-wave plate is always a quarter- 
wavelength to the incident light wavelength. However, an actually measured retardation of polycarbonate-fnade quar- 
ter-wave plates shows a quarter-wave retardation at the designed wave-length (500 nm) but an excess retardation 
with shorter wavelengths and an insufficient retardatbn with longer wavelengths. 

so The same facte can be explained by using a Poincare's sphere (Fig. 19). A plane-polarized incident light that is 

polarized in a vertical direction is expressed by a point A on the equator. An optical axis of a quarter-wave plate is 
expressed by a straight line and its activity is expressed by rotating the Poincare's sphere about the straight line B 
(optical axis) according to the retardation amount (90 degrees for the quarter-wave plate). 

Accordingly, the point A is transferred to the north pole point C for light of the designed wavelength to form a 

ss complete circulariy-polarized light, but the point A is transferred to a point D for light of shorter wavelength because of 
an xcess retardation amount or toa point E for light erf long rwav length becaus ofaninsutfici nt retardatbn anrKHjnt. 
Thus, light whos wavelength is other than the designed wavelength is converted to (not-circularty) elliptically polarized 
light. 
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There shows a resutt analyzing a ratio of ctcularly-polarized rays in utput light of this simple quarter-wav plate 
(Fig. 20). This shows that the simple quarter-wav plat has different ratios f cicutarly-polarized rays in output light, 
which anrKUjnt varies with diff rent wavelengths. Th earlier optical device using th simple quarter-wave plates has 
such a spectral transmittanc characteristic signal light wh re a targe disp rston of vistol tight transmittanc is 
5 observed with a particularly low transmittance of blu light and red light. 

Ck)nsequently. the earlier optical device using the simple quarter-wave plates produces noise rays because the 
quarter-wave plates may produce elliptically polarized light. 

(4) The fourth reason is that unnecessary reflection of light occurs between the plano-convex lens and the half-mirror 
(Fig. 22), This unnecessary reflection of light may take place at both surfaces of the first quarter-wave plate and at the 

10 user's side surface of the planoKX)nvex lens. Noise light produced from the unnecessary reflection is polarized in the 
same way as the signal light, passes the second polarizer plate and reaches the user's eye. Light may be usually 
reflected by 5% from the surfaces, not coated with an anti-reflection film, of the planoconvex lens and the first quarter- 
wave plate. In th's case, reflected noise rays amounts 15% the light. 

(5) The fifth reason is the light reflection from the LCD (Fig. 23). A half (50%) of light from the LCD is reflected by the 
IS plano-convex lens and returns to the LCD. If the reflected light is further reflected by the LCD, it may reach the user's 

eye as a noise component of signal light. Usually, the LCD with a black matrix without anti-reflection coating may reflect 
25% of the reflected light, producing unnecessary reflected light, i.e., noise light that amounts 12.5% (50% X 25%) in 
relation to signal light. 

(6) The sixth reason is such that light is reflected from rear surfaces of the second quarter-wave plate, the second 
20 polarizer plate and the half-mirror (Fig. 24). Signal light having passed through the half-mirror may be doubly reflected 

and become a noise light that produces a ghost image. Furthermore, external reflected light may fall on the user's eye, 
resulting in decreasing the contrast of a formed image. 

SUMMARY OF THE INVENTION 

2S 

The present invention relates to an optical system adapted to use in an image display device ar)d, more parttcularty 
to a small light-weighted super-wkJe-angle optical device and a HMD using said optical system. 

The present invention was made to provkJe a short focal optical devrce having a super-wide-fieW-of-viskwi for 
obtaining a wide-angle visual information with an improved S/N-ratio and a HMD using said optical device, which can 
30 provide a high-quality image that nr»y give an observer an increased feeling of his presence therein. 

(1 ) An object of the present invention is to provide an optical device which uses reflecting and refracting means having 
a half-mirror coating, which is made of a copolymerized macromolecular material having positive and negative pho- 
toelastic coefficients relative to an internal stress. Namely, adaptive copolymerization of the macronnolecular materials 
eliminates the possibility of double refraction. 

35 The reflecting-refracting means albw light to pass therethrough without being disturbed in its polarized state, elim- 

inating the possibility of directly transmitting noise light from the LCD to the user's eye as be seen in the earlier devel- 
c^ment case (Fig. 7). Thus, signal light is not affected by the noise light and can produce an image with an improved 
S/N-ratio. 

(2) Another object of the present invention is to provide an optical device mentioned atxsve (1), wherein the first and 
40 secorxJ quarter-wave plates have refractive power in their thickness directkxi, which value lies between a maximal 

refractive index and a minimal refractive index in the plate surface direction. 

Thus the first quarter-wave plate and the second quarter-wave ptate can suppress a change in retardatkxi of light 

slanted into respective plates, thus reducing noise rays that may obliquely enter into the user's eye and surrounds an 

image produced by signal light. 
^ (3) Another object the present invention is to provide an optical device mentioned above (1 ), wherein the first and 

second quarter-wave plates are disposed with their stretch-giving axes intersecting with each other at right angles. 
The first and second quarter-wave plates thus arranged can cooperatively cancel the retardation of light passing 

therethrough. Namely, light from the first polarizer plate passes the first and second quarter-wave plates and emerges 

therefrom as polarized in a direction corresponding to the transmission axis direction of the first polarizer ptate. Thus 
so the second polarizer plate disposed with its transmission axis intersecting at right angles with the transm^ion axes 

of the first polarizer plate can absorb noise light that nnay be directly transmittable from the LCD to the user's eye. 
In the optical device according to the present invention, actual quarter-wave plates, each of which may change 

retardation of light depending on wavelengths, can cancel by each other their wavelength-dependent characteristics 

so that light having passed the plates may be absorbed by the second polarizer plate. In comparison with the earlier 
ss optical device (Fig. 14) wherein the first and second quarter-wave plates are disposed with their stretch-giving axes 

being parallel t each oth r, th optical devic according to the present d vie can produce an Imag of an improved 

S/N-fatb by reducing nois rays. 

(4) Anoth r object of the pres nt invention is to provide an optical devic mentioned abov (1 ) to (3), wherein th first 
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polarizer plate, the refiecting-retracting means, th first quarter-wav plat , th haff-mirror, the second quarter-wave 
plat and the second polarizer plat ar disposed in th described order from the incident sid . 

Inthisarrang ment,th second quarter-wave plate and the second polarizer plate coop ratively work as a circularly 
polariz r plate that can at>sorb external nois light reflected from the hatf-mirror, improving a S/N-ratio of an image 
5 f rmed by signallight having passed th d vice. 

(5) Another object of the present invention is to provide an optical device mentioned above (1 ) to (3), wherein the first 
polarizer pbte, the first quarter-wave plate, the reflecting-refracting means, the second quarter-wave plate, the half- 
mirror and the second polarizer plate are disposed in said order from the incident side. 

In this arrangement, the first quarter-wave plate and the second polarizer plate cooperatively work as a circularly 
10 polarizer plate that can absorb light reflected from the reflecting and refracting means, thus reducing reflection from 
the LCD with inr^roving a S/N-ratb of an image formed by signal light having passed the device. 

(6) Another object of the present invention is to provide an optical device mentioned above (1), using, in place of 
conventional simple quarter-wave plates, wide-band-wave plates each which composed of a half-wave plate and 
a quarter-wave plate bonded to each other and having optical axes intersecting with each other. 

IS The application of the above-mentioned wide-band-wave plates can considerably prevent a change of wavelength- 

dependent characteristics, thus improving a S/N-ratio in the range of wavelengths deviated from the designed value. 

(7) Another object of the present invention is to provide an optical device mentioned above (6), wherein the quarter- 
wave plate and the half-wave plate are made of the same kind of material and at least either one of wave-ptates satisfies 
a conditk)n ny^n^Oy where n^. n2 and riy are refractive indexes in orthogonal directkxis and thickness directbn, re- 

20 spectively, in a surface plane of the wave-plate. 

The abcve-mentk>ned wave plate can prevent a change in retardatbn for inckient light slanting thereinto, thus 
reducing the oblique light that may be visible by the user's eye as noise at periphery of an image to be formed by signal 
light. This improves a S/N-ratb of an image to be displayed. 

(8) Another object of the present inventbn is to provkto an optical device mentbned above (6) or (7), wherein an angle 
2S "p" formed between optical axes of the quarter-wave plate and the half-wave plate is larger than 50 degrees and smaller 

than 70 degrees. 

The above-mentioned construction can further improve the uniformity of wavelength characteristics of the wkie- 
band-wave plate, thus increasing a S/N-ratio of an image to be provided by the system. 

(9) Another object of the present inventkxi is to provkie an optkal device mentioned above (6) to (8), wherein the first 
30 polarizer plate, the reflecting-refracting means, the first wkle-band-wave plate, the half-mirror, the second wkle-band- 

wave plate and the second polarizer plate are disposed in the described order from the inckient skje. 

In this arrangement, the second wide-band-wave plate and the second polarizer plate cooperatively work as a 

wkie-i>and-wave circularly-polarizer plate that can absorb wki&tend extemal noise-light reflected from the fialf -mirror, 

thus improving a S/N-ratk> of an image fonned by signal light having passed the optk:al device. 
35 (10) Another object of the present invention is to provkie an optical device mentioned above (6) to (8), wherein the first 

polarizer plate, the first wide-band-wave plate, the reflecting-refracting means, the second wide-band-wave plate, the 

half-mirror and the second polarizer plate are disposed in the descn*bed order from the incident side. 

In this anangement, the first wkJe-band-wave plate and the first polarizer plate cooperatively work as a wkie-band- 

wave circularly-po^rizer plate that can absorb wkie-band noise-light reflected from reflecting and refracting means. 
40 thus improving a S/N-ratb of an image formed by signal light having passed the devbe. 

(11) Another object of the present inventbn is to provide an optical devbe mentbned above (1) to (10), wherein the 

optbal components are coated each at either one s\6q with an anti-reflection coat. 

By doing so. it is possible to reduce an amount of noise light resulted from unnecessary reflectbn. As described 

before with reference to Fig. 22. a large amount of noise light may be produced if there is unnecessary reflection of 
45 light between the plano-convex lens and the half-mirror. According to the present invention, the reflecting and refracting 

means having an anti-reflection coat at its surface and the first quarter-wave plate with anti-reflection coats at both 

surfaces are used, thus sufficiently reducing an amount of noise light due to unnecessary reflectbn. 

(13) Another object of the present invention is to provide an optical device mentioned above (1) to (10), wherein any 
pair of the optbal components is bonded to each other with adhesive for optics. 

so By doing so, it is possible to reduce an amount of noise light resulted from unnecessary reflectbn. As described 

before with reference to Fig, 22, a large amount of noise light may be produced if there is unnecessary reflection of 
light between the plano-convex lens and the half-mirror. According to the present inventbn, the reflecting-refracting 
means at its one side and the first quarter-wave plate at both sides are bonded with optical adhesive, thus sutTiciently 
reducing an amount of noise light caused by unnecessary reflectbn. 

ss (13) Another object of the present invention is to provkie a HMD composed of an optical devbe mentioned in any one 
of (1) to (12) above, a back light and a ikiuid-crystal display (LCD). 

The HMD has a wide-fiekJ angle and is a thin and light to comfortably wear. It can provbe a high^uatity image. 

(14) Another object of the present invention is to provide a HMD mentioned abov (13), wh rein a black-matrix con- 
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tained in the [quid crystal display is provided with anti-reflection means. 

This feature can reduce an amount of noise light caused by reflection on the LCD. thus realizing a further improved 
image quality of the HMD. 

(15) Anoth r object of th present invention is to provid a HMD mentioned abov (13)or (14). wherein th backlight 
s has a substrat provided thereon with a light-emitting diode (LED) chip with an lectrod and a fluorescent-material 

coat applied onto the sut^strate. 

The HMD may be more compact and conrrfortable to use since the LED back light is thtn and light and has no need 
of using an inverter. This LED back-tight radiates a very small amount of heat arxJ can easily attain a high brightness. 
The applicatkxi of this back light enables the HMD to provide a bright image through its k>w-transmittance optk^al device 
10 wherein light from the back light a plurality of tinnes passes the half-mirror. 

(16) Another object of the present invention is to provkie a HMD composed of an optical devk:e mentioned in any one 
of (1) to (12) above and an electroluminescent display (ELD). 

In comparison with a HMD with a LCD display, this HMD has no need of using a back light and nnay be further 
compact. However, the ELDs available at the present is inferior in resolutbn than the LCDs. Accordingly, the ELD is 
75 selected where the priority is given to saving in thickness of the HMD than the resolution. 

(17) Another object of the present inventk)n is to provide a HMD mentioned atxwe (17), wherein a black-matrix con- 
tained in the electroluminescent display is provided with anti-reflection means. 

This feature can reduce an arTK)unt of noise light caused by reflection on the ELD, thus attaining a further improved 
image quality of the HMD. 

20 

BRIEF DESCRIPTION OF DRAWINGS 

Fig. 1 is a schematk^ constructk>n plan view of a conventnnal head-mounted display. 

Fig. 2 is a schematk: constructbn plan view ctf a head-mounted display using an earlier optical devk:e. 
25 Fig. 3 is a view for explaining a definitkxi of coordinate axes. 

Fig. 4 is a constructbn view of an eariier optk^al device. 

Fig. 5 is a view for explaining the operaton of an earlier optical device. 

Fig. 6 is illustrative of an eariier optk:al device. 

Fig. 7 is a view for explaining the operatkxi of an eariier optical devbe. 
30 Fig. B is illustrative of a coordinate system of a wave-plate. 

Fig. 9 depicts the operatbn of a wave plate. 

Fig. 10 depicts an ellipsoid of refr^ive indexes. 

Fig. 11 depicts an ellipsoid of refractive indexes. 

Fig. 12 depicts an ellipsoid of refractive indexes for a quarter-wave plate in an eariier optk^al device. 
35 Fig. 13 is a view for explaining a change of retardation of light depending upon an angle of incklence measured 

from the normal to a quarter-wave plate in an eariier optical devbe. 

Fig. 14 is a schematic view showing an arrangement optrcal elements composing an eariier optical device. 

Fig. 15 is a view showing a wave-length characteristic of a polycarbonate used a quarter-wave plate. 

Fig. 16 depicts a change of retardatkxi of two quarter-wave plates according to respective wave-lengths. 
40 Fig. 17 depicts a Poincare's sphere. 

Fig. 1 8 schematk^lly depicts an ellipsoid of refractive indexes for a quarter-wave plate in an eariier optical devk^e. 

Fig. 1 9 depicts a Poincare's sphere showing a characteristk: of a quarter-wave plate used in an eariier optk:al 
device. 

Fig. 20 is a view for explaining a wave dispersion characteristk: of a wkJe-band-wave plate in an eariier optbal 
45 device. 

Fig. 21 is a view for explaining a spectrum transmittance characteristk; of a wkje-band-wave plate in an optcal 
devbe whbh is the fourth embodiment of the present inventk)n. 

Fig. 22 depicts an eariier optk^al device. 

Fig. 23 depicts an eariier optbal device. 
so Fig. 24 schematk:ally depicts an earlier optk:al devrce. 

Fig. 25 is a schemata construction plan view of a head-nrxjunted display (HMD) using an opt^al device which is 
a first embodiment of the present invention. 

Fig. 26 is a schematk: constructk>n plan view of a HMD devce using an optbal device which is a second embod- 
iment of the present inventk)n. 

ss Fig. 27 is a schematic view showing an arrangement optical elements composing an optk:al device whk:h is the 

second embodiment of th present inv ntion. 

Fig. 28 is a view for explaining a chang of retardation of light depending upon an angle of inckienc measured 
from th normal to a quarter-wav plate in the second embodim nt of th present inventkxi. 



7 



EP0 803 756 A1 



Fig. 29 is a view for explaining a change of r tardatron of two quarter-wave plates according to respective wave- 
I ngths in the second mbodiment of th pres nt invention. 

Fig. 30 is a schematic view showing an arrangement of optical elements composing an optical device which is a 
third embodiment of th pr sent invention. 

Fig. 31 is a schematic const riict ion plan view of a head-mounted display d vie using an optical device which is 
a fourth embodiment of the present invention. 

Fig. 32 is schematic view of a wide-barKj wave plate used in an optical device which is the fourth embodiment of 
the present invention. 

Fig. 33 is a view for explaining a Poincare's sphere showing characteretics of a wideband-wave plate in an optical 
device which is the fourth embodiment of the present invention. 

Fig. 34 is a view for explaining a wave dispersion characteristics of a wideband-wave plate in an optical device 
which is the fourth embodiment of the present invention. 

Fig. 35 is a view for explaining a spectrum transmittance characteristic of a widebarxi-wave plate in an optical 
device which is the fourth embodiment of the present invention. 

Fig. 36 is a schematic view showing an arrangement of optical elements composing an optical device which is the 
fourth embodiment oi the present invention. 

Fig. 37 is a schematic view for explaining an optical device which is a fifth embodiment of the present invention. 

Fig. 38 is a schematic construction plan view for explaining a HMD which is a sixth embodiment of the present 
invention. 

Fig. 39 is a schematic perspective illustration of an essential construction of a back light of the HMD which ^ the 
sixth embodiment of the present invention. 

Fig. 40 is a grossly enlarged sectional side view of an essentia! portion of a back light of the HMD which is the 
sixth emt)odiment of the present invention. 

PREFERRED EMBODIMENTS OF THE INVENTION 

Prior to explaining preferred emtxxiiment of the present invention, prior art and earlier devebpment device will be 
described bek>w as references tor the present invention. 

Recently, a HMD constituted as shown in Fig. 1 has attracted public attentkxi as an image display which can be 
used for representing visual information of virtual reality, remote control of a robot and so on. HMD devbes of this type 
are required to have so high-resolution and wide-fteld-of-vision that may provide video information with an enhanced 
impresskxi d reality and the presence. It shall be also light and small so that a user may easily rTK)unt it on his or her 
body (particutarty on the head) with no trouble. 

As shown in Fig. 1 . the HMD is a spectacle-like case 11 nnountable on the user's head, wherein paired back lights 
1 2, 1 quid-crystal displays (LCDs) 1 3 and lenses 14 are disposed in the described order from the front external side of 
the case 11 . The viewer 15 who wears the HMD on own head can view an image on the LCDs through the lenses 14 
in an enlarged scale as if it would be displayed on a large screen. 

Recent rapid devek)pment of Ik^uid crystal displays has provkjed miniaturized high-quality LCDs usable in HMD. 
However, an optical system that is another main component of a HMD has not sufficiently been improved with respect 
to saving in size and weight. H MDs have been mainly applied in the industrial fields, in particular, as devices for studying 
of virtual reality. However. HMD devices find wkie and increasing applicatkxi for home-use game-machines. VTR dis- 
plays and so on. Therefore, there is a keen interest in further development of more compact artd light-weighted HMDs. 

To solve the abcve-mentbned problems, the present applicant prevbusly proposed an optical devbe shown in 
Fig. 2. which is filed in Japanese Patent applbatkxi No. 7-231368. This optical devbe will be described bek>w. 

Referring to Fig. 3, coordinates 21 used for explaining the optbat device is defined as folbws: an axis being normal 
to the shown sheet plane and directed this side is x-axis. an axis being parallel to the sheet plane and directed upward 
is y-axis and an axis being normal to x-axis and y-axis and directed to the right is z-axis. A rotation angle 22 is an angle 
formed between y-axis and x-y plane when observing ak>ng z-axis. The direction of ckx^kwtse rotatkxi is defined as a . 
positive rotatbnal directbn. 

Referring to Fig. 4, a unit of the optk:at device comprises a liqukJ crystal display (LCD) pane) 31 , a first polarizer 
plate 32; a plano-convex lens 33 having a half-mirror coating on its convex surface, a first quarter-wave plate 34, a 
half -mirror 35. a second quarter-wave plate 36 and a second polarizer plate 37, all of which are arranged in the described 
order from the incident side (left skJe in Fig. 4) so that they are included in the x-y plane and are normal to the optical J[ 
axis of the optk:al unit. 

The direct kxis of the optical elements (components) are as folbws: the first and second polarizer plates 32, 37 
ar disposed to direct transmitting polarized light to the y-axis direction and the first and second quarter-wave plates 
34, 36 are disposed so that their extension axes make an angle of -45 degrees with the y-axis. 

Fig. 5 depbts how the optbal unit acts on light rays. Incident tight from the LCD 31 disposed at the I ft sbe nters 
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into the first polarizer plate 32 wher by it is polarized to th y-axis direction. Th polarized light passes a hatf-mirror- 
coated pIanoKX)nv x-lens 33 and th n th first quart r-wave plat 34 wh reby the plane-polariz d light is converted 
into circularly polarized light 

The light is th n divided by the half-mirror 35 into directly transmitting light 41 and reflected light 42. Jh direct 
5 light 411s converted again by the second quarter-wav plat 36 from the circulartypobrized light into the plane-polarized 
light. As the respective stretch-giving axes of the first quarter-wave plate 34 and the second quarter-wave plate 36 
have the same derection the light is the same as passed a half-wave plate. The plane-polarized light is rotated by QCf 
and directed in the x-axts direction. 

Namely, the light alters its polarization direction by 90^ at every time when passing the first and second quarter- 
ed wave plates 34, 36 and is, therefore, absorbed by the second polarizer plate 37. Thus, noise tight 41 from the LCD 31 
can be shut off before reaching the user's eye 38. 

On the other hand, the reflected light 42 from the half -mirror 35 passes again the first quarter-wave plate whereby 
it is converted to plane-potarized light directed in the x-axis direction. The plane-polarized light passes the plano-convex 
lens 33 and is reflected from the hatf-mirror coating thereof. The polarization direction of tfie light is not changed by 
15 reflection. Accordingly, the light is left as plane-polarized. 

The light passes for the third time the planoconvex lens 33 and then the first quarter-wave plate 34 whereby it is 
converted to circularly polarized light which further enters into the half-mirror 35 and is divided into two parts: one 
passes the half -mirror 35 and the other is reflected therefrom. The transmitted light then passes the second quarter- 
wave plate 36 whereby it is converted to plane-polarized tight 
20 In contrast to the aforementioned direct light, the plane-polarized light is confined to the y-axis direction since it 

passed through the first quarter-wave plate two nrtore times. Consequently, rt passes the second polarizer plate 37 and 
reaches the user's eye 38. 

White the light passes three times the plano-convex lens 33, it is subjected to refracting actions of the lenses and 
actions of the half-mi n^or-coated concave mirror and, therefore, gains an optical power several times larger than light 

25 passed through a single planoconvex lens. In other words, it is possible to obtain the same optical power by using an 
optical unit having several times reduced thickness and weight. 

In Fig. 5, all optical elements are indicated separately for the salce of explanation. In practice, they are bonded to 
each other or disposed close to each other to compose a thin optical unit as shown in Fig. 6. These conditions are 
common to drawings used for the following explanation. ^ 

30 Accordingly, a HMD is particularty requested to have a reduced thickness (protrusion from the user's face) and a 

reduced weight loading the user's face so as to be comfortably used. The above-described optical device is eflectrvely 
usable for HMDs. 

However, the optical device (hereinafter described as the eariier optk:al device or the eariier device) filed in Jap- 
anese Patent Application No. 7-231368 has such a drawback that each optical element has not ideal characteristic 
35 and produces unnecessary noise light, decreasing a S/N-ratio of the optical system. Noise rays are produced for the 
fotbwing six mciin reasons: 

(1) The first reason is birefringence (double refraction) in the plano-convex lens 33. This lens is preferably made of 
plastic material to have a reduced weight However, many plano-convex lenses made of conventbnal optical plastics 
(e.g., acrylic resin) have birefringence caused by internal strain produced in manufacturing process. The planoconvex 

40 lens 33 having the birefringence causes light passing therethrough to change its polarized condltbn. Consequentiy 
noise rays from the LCD 31 directly reach the user's eye as shown in Fig. 7 and necessary rays of light (hereinafter 
referred to as signal light) are disturbed, resulting in decreasing a signal-to-rK>ise rato of an image to be displayed. 

(2) The second reason is a change of retardation cfiaracteristic of the first and second quarter-wave plates 34. 38 with 
an angle ol light passing therethrough. When the angle of passing light differs from the designed value, the retardatkxi 

45 value shifts from 1/4 of the wavelength and, therefore, the light can not be shut off or transmitted as designed. Con- 
sequently, similariy to the case of reason 1 , some rays of light from the LCD 31 nnay directly reach the user's eye as 
noise light 

An anisotropic body such as a quarter-wave plate may have diflerent refractive indexes in different directions. 
vAvch is expressed by using a refractive index eltipsotd that is as follows: 
50 In a plane of a quarter-wave plate, there is set a coordinate system shown in Fig. 8, wherein X-axis corresponds 

to the direction of a stretch-giving axis of the plate. Y-axis is nomnal to X-axis and Z-axis is normal to X-axis and Y-axis 
and extends in the plate thbkness direction. 

Now let suppose tight propagating ak>ng Z-axis as shown in Fig. 9A. Usually, this tight is expressed as a synthesis 
of plane-polarized light in the directk>n of X-axis and plane-polarized light in the directbn of Y-axis. Refractive indexes 
55 of two plane-polarized rays in the quarter-wave plate made of anisotropic material are different from each other and 
expressed as n^ and ny. 

Further, light propagating abng X-axis and plane-polarized iri the direction f Z-axis is supposed as shown in Fig. 
9B and its r fractiv index is expressed as n^. An Itipsoid shown in Fig. 10 is obtained using th refractive ind xes 
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according to the following expression: 

(x^tn^ + y^/ny^ + z^/n/) = 1 (Equation 1 ) 

5 

The ellipsoid is so called refractive index ellipsoid that can be used for approximatety determining refractive indexes 
of light rays propagating in ordinary directions except the above-mentioned directions as follows: 

Light that propagates in the direction indicated by an arrow A (Fig. 11). by way of example, is considered. In this 
case, a line 53 that intersects the refractive index ellipsoid 52 and a plane 51 passing an origin and being normal to 
^0 the light propa^tion direction A 56 is first 

This determined line as above-mentioned 53 describes an ellipse whose major axis 54 and minor axis 55 indicate 
two respective axes of plane-polarized rays into which incident light is split. Refractive indexes of these two plane- 
polarized rays are determined by lengths ctf the ellipse major and minor axes 54 and 55 respectively. This retractive 
index ellipsoid is very useful tor determining a refractive index of a retardation plate for any light passing in any direction 
'5 therein. 

Many conventional quarter-wave plates are sheets made of polycartxxiate stretched drawn in a certain direction. 
Many of these sheets have a refractive index ellipsoid as shown in Fig. 12. Namely, conventional quarter-wave plates 
possess characteristics of > n^ = ny as conventional quarter-wave. 

The quarter-wave plate of the above-mentioned characteristic can give an adequate retardation to light passing 
^ the plate (sheet) at right angles but it alters retardation of tight passing therethrough at an oblique angle. For example, 
a retardation for light entering obliquefy into the quarter-wave plate in a plane Z-X is calculated by using the retractive 
index ellipsoid as follows: 

25 { ^^^co^^tx\^ + sin^e/n/ j - ny } x d/cose x 1/L (Equation 2) 

In Equation 2, 6 Is an oblique angle measured from a normal line, d is a thickness of the quarter-wave plate (z=SO 
micrometers), n^ is a refractive index in the direction X (= 1 .5922), riy is a refractive index in the direction Y (= 1 .5900), 
n^ is a refractive index in the direction Z (= 1 .5900) and L is a wavelength of the light (= 520 nanometers). 
^ The equation 2 is calculated by putting numerical values therein. A graph of Fig. 1 3 shows a change of retardation 

with incident angles measured from the normal. As is apparent from the graph, retardation is decreased twice at an 
incident angle of 60". Accordingly, an optical system using the quarter-wave plate allows slant rays to pass at a side 
of the visual field and fall into the user's eye and absorb a part of necessary signal light, resulting in decreasing a S/ 
N ratio of a display image. 

^ (3) The third reason is a change of retardation characteristics of the first and second quarter-wave plates 34, 36 for 
wavelengths. If the wavelength of each quarter-wave plate does not match with the designed value, its retardation 
deviates from 1/4 of the wavelength and the plate can not shut off and transmit light rays as be designed. Consequently, 
a part light from the LCD 31 , similarly to the first and second cases, directly reaches the user's eye as rK>ise light to 
be further described below in detail: 

As shown in Fig. 14, the earlier optical device disposes the first and second quarter-wave plates 34, 36 so that 
their stretch-giving axes 61 match with each other and irtcltne at 45*" to a transmission axis 62 of the first polarizer plate 
32. In this unit construction, the first quarter-wave plate 34 and the second quarter-wave plate 36 can cooperatively 
act as a half-wave plate. Consequently, the light from the first polarizer plate 32 passes the first and second quarter- 
wave plates 34. 36, and emerges therefrom as polarized in direction normal to the transmission axis 62 of the first 

^ quarter-wave plate 32. 

To absorb this light that may reach the user's eye 38 directly from the LCD 31. the second polarizer plate 37 is 
disposed so that its transmission axis 62 is coincident with the transmission axis 62 of the first polarizer plate. The 
desired purpose can be realized if the quarter-wave plates hiave an ideal quarter-wave retardation for any wavelength. 
However, practical quarter-wave plates vary retardation with wavelengths. By way of example, wavelength char- 

^ acteristics of polycarbonate usually used as a quarter-wave plate is indicated in Fig. 1 5. The graph of Fig. 1 5 indicates 
a wavelength of transmitted light on the abscissas and retardation of the light (in percentage to wavelength) on the 
ordinate. 

The first and second quarter-wave plates having the characteristics are disposed with their stretch-giving axes 61 
being in line as shown in Fig. 1 4. In this case, as shown in Fig. 16. total retardation characteristic of the first and second 
^ quarter-wave plates 34, 36 may remain a change of retardation depending upon wavelengths. In particular, blue light 
having a short wavelength suff rs retardation by 3^4 of the wavelength. 

Accordingly, th second polariz rplat 37 disposed aft r the second quarter-wave plat 36 can not absorb all rays 
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of light, allowing blue noise light to reach the user's ye 38. As the combined r tardation of two quarter-wave plates 
34. 36 varies with wavel ngths of light rays, light rays pass the second polariz r plate 37 and reach the user's ye as 
rroise light. 

A f unction of a sinnpl quarter-wav plate is described betow in d tail by using a Poincar *ssph re. The P incar 's 
5 sphere is a system indicating polarization of light by points on a spher . Fig. 17 shows an ext malviewofthePoincar 's 
sphere. If this sphere is regarded as the earth, points 71 and 72 corresponding to the north pole 71 and the south pole 
72 indicate counterclockwise circularly polarized light and a clockwise circularly polarized light respectively. A point 73 
on the equator relates to plane-polarized light and a longitude on the equator con-esponds to twice an angle of the 
plane-polarized light 

10 Accordingly, if a k)ngitude in a -Z-axis directk)n is defined 0. a point 77 on the equator in a Z-axis directkMi represents 

a vertical straight line and -X-axis direction 78 represents plane-polarized light in a 45-degree direction. Similariy, a x- 
axis direction 75 indicates a plane-polarized light in a horizontal direction and a x^is directkxi 76 indicates plane- 
polarized light in a -45-degree direction. A space 74 between the equator and the north pole represent an elliptbally 
polarized light. Tlius, any polarized light can be expressed by a point on the Poincare*s sphere. 

IS The f unctkxi of a retarc^tkxi plate is expressed as an effect of rotating the Poincare's sphere by a retardatbn value 

measured in terms of angles. In this case, a rotatk)n axis is defined as a straight line jointing a center of the Poincare's 
sphere with a point on the equator, which corresponds to a doubled longitude degree in the optical axis directk)n of 
the retardation plate. 

A simple quarter-wave plate used in the conventional optical unit is now examined. As shown in Fig. 1 B, a starKlard 
20 polycartx)nate-made quarter-wave plate 91 is disposed with its stretch-giving axis disposed in a -45-degree direction 
in order to obtain counterclockwise circularly polarized light when a plane-polarized visible light (400 nm - 700 nm) 
falls on the plate at an angle of 90* thereto. 

The above-mentioned object can be realized if the retardatk>n amount of the quarter-wave plate is always a quarter- 
wavelength to the incident light wavelength. However, an actually measured retardation of polycart)onate-made quar- 
25 ter-wave pbtes (Fig. 15) shows a quarter-wave retardatkxi at the designed wave-length (500 nm) but an excess re- 
tardation with shorter wavelengths and an insufficient retardatkjn with longer wavelengths. 

The same facts can be explained by using a Poincare's sphere as shown in Fig. 1 9. A plane-polarized inckJent 
light that is polarized in a vertical direction is expressed by a point A on the equator. An optk:al axis of a quarter-wave 
plate is expressed by a straight line and its activity is expressed by rotating the Poincare's sphere about the straight 
30 line B (optical axis) according to the retardatk>n amount (90 degrees for the quarter-wave plate). 

Accordingly, the point A is transferred to the north pole point C for light of the designed wavelength to form a 
complete circularly-polarized light, but the point A is transf en-ed to a point D for light of shorter wavelength because of 
an excess retardation amount or to a point E for light of longer wavelength because of an insufficient retardatbn anK)unt. 
Thus, light whose wavelength is other than the designed wavelength is converted to (not-circularty) elliptwally polarized 

35 light 

Fig. 20 is a graph showing a ratk> of ck:ularty-polarized rays in output light of this simple quarter-wave plate. The 
graph shows that the simple quarter-wave plate has different ratios of ck;ular1y-polarized rays in output light, which 
amount varies with different wavelengths. The eariier optk:al devk:e using the simple quarter-wave plates has such a 
spectral transmittance characteristb of signal light as shown in a graph of Fig. 21 , where a large dispersion of visible 
40 light transmittance is observed with a partk:ularly low transmittance of blue light and red light 

Consequently, the earlier optk^al device using the simple quarter-wave plates produces noise rays because the 
quarter-wave plates may produce eltiptically polarized light 

(4) The fourth reason is that unnecessary reflectksn of light occurs between the plano-convex lens 33 and the half- 
mirror 35, as shown in Fig. 22. This unnecessary reflection of light may take place at both surfaces of the first quarter- 

45 wave plate 34 and at the user's skie surtace of the plano-convex lens 33. Noise light produced from the unnecessary 
reflectbn is polarized in the same way as the signal light, passes the second polarizer plate 37 and reaches the user's 
eye 38. Light may be usually reflected by 5% from the surfaces, of the plan&convex lens and the first quarter-wave 
plate. In this case, reflected noise rays amounts 15% of the light 

(5) The fifth reason is the light reflectkxi from the LCD 31 . A half (50%) of light from the LCD 31 is reflected by the 
so plano-convex lens 33 and retums to the LCD 31 . If the reflected light is further reflected by the LCD 31 . it may reach 

the user's eye 38 as a noise component of signal light. Usually, the LCD with a black matrix without anlkeflection 
coating may reflect 25% of the reflected light, producing unnecessary reflected light, i.e., noise light that amounts 1 2.5% 
(50% X 25%) in relation to signal light. 

(6) The sixth reason is such that light is reflected from rear surfaces of the second quarter-wave plate 36, the second 
ss polarizer plate 37 and the half-mirror 35. Signal light having passed through the half-mirror 35 may be doubly reflected 

and become a nois light that produces a ghost image. Furtherm r , xtemal reflected light may fall on th user's ye 
38, resulting in decreasing the ccxitrast f a formed image. 

Preferred embodim nts of the present inv ntton will be described below with r ferenc to Figs. 25 to 40 wherein 
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components similar to those described for the conventional art device are designated by th sam numerals and will 
not be further described. 

(First Embodiment) 

5 

The first embodiment of the present invention is explained referring to Fig. 25 showing a plan view of a head- 
mounted display (HMO) using an optical system that is the first emtxxJiment of the present invention. 

Fig. 25 is illustrative of an image display device according to the present invention, which is applied to a HMD used 
for displaying an image of virtual reality. 
10 As shown in Fig. 25, the HMD using the optical device according to this embodiment comprises a spectacle-like 

case 1 1 which accommodates two display units disposed by one at left and right therein: each display unit is composed 
of a back light 12, a liquki-crystat display (LCD) 31 . a first polarizer plate 32. a plano-convex lens having a half-mirror 
coat applied onto its convex surface (reflecting-refracting means) 133; a first quarter-wave plate 34, a half-mirrors 35, 
a second quarter-wave plate 36 and a secorKj polarizer plate 37. whk:h are aligned in said order frorti the out side 
IS (opposite to the skle facing a user 1 5) of the case. 

The user 15 mounts the HMD on own head so that his or her eyes positbn in front of respective display units in 
the case 11 . Video on the LCD 31 is enlarged and presented to the user who can enjoy the enhanced impression of 
the vkleo image, feeling the presence therein. 

In this embodiment, there is used the plarK>convex lens 133 made of copolymerized macromolecular material 
20 having both positive and negative photoelastic coefficients relative to an inner stress. Such material is, e.g., non- 
birefringent resin nr«terial for optics, which is disclosed by the name Optolets by Hitachi Kasei Kogyo CO.. LTD. 

In the optical devrce according to the first embodiment, noise light is distinguished from signal light by its polarized 
state as described before in the device. Accordingly, the system using a lens having so large photoelastk: coefficients 
to disturb the polarized state of light may impair the quality of a display image because the polarizer plate allows a part 
25 of noise light to pass and shuts off a part of signal light. 

In this regard, glass has a small photoelastic coefficient and is suitable to use but it may be not suffictentty light 
In partbular, a HMD with a weighty lens system may have its gravity center shifted downward, applying a k>ad onto a 
nose of the user. The user may feel further unpleasant force whenever he or she rotates own head with the HMD. 
Acrylk: resin is lighter but has a large photoelastb coefTtcient Acrylic resin-made lenses produced by injectk>n nrK}lding 
30 may obtain an undesired birefringent property. 

The use of a plano-convex lens 133, which is nnade copolymerized macromolecular non-birefringent rreiterial 
having positive and negatrve photoelastk: coefficients to an internal stress, makes rt possible to manufacture a lighter 
HMD which can also provkJe an image with an improved S/N-ratio because light may not be disturbed in its polarized 
state while passing the plano-convex lens 1 33. 

35 

(Second Embodiment) 

Referring to Figs. 26 to 29, the second embodiment of the present invention is described as follows: 
Fig. 26 is a plan view for schematrcally illustrating a constructton of HMD using an optcal device according to the 

40 second embodiment, Fig. 27 is illustrative of arrangement of optical elements composing an optk:al unit of the optical 
device according to the second embodiment, Fig. 28 is a graph indcating a change of retardation of light in a quarter- 
wave plate depending upon inckient angles measured from a line normal to said quarter-wave plate of the optbal unit 
according to the second embodiment and Fig. 29 is a graph indicating a wavelength-dependent retardatkm character- 
istic of a quarter-wave plate of the optbal unit according to the second embodiment. 

45 In the HMD using the optk:al devkie according to the secoruJ embodiment of the present inventbn. 

As shown in Figs. 26 and 27. the shown embodiment of the optk:al d6vk:e of the HMD includes two (first and 
second) quarter-wave plates 1 34 and 1 36 with a refractive index in the thbkness direction, whch value lies between 
the maximal and minimal refractive values obtained within the wave-plate surface. These quarter-wave plates are 
disposed so that their stretch-giving axes may intersect with each other at right angles. 

so As described before, the first and second quarter-wave plates 34 and 36 of the eariier optical devk:e has charac- 

teristics of n^ > n^ = ny. In this embodiment, the first and second quarter-wave plates 134 and 136 have a refractive 
index n^ in the thk;kness direction, which value lies between refractive indexes n^ and rty on the plate surface. 

The graph of Fig. 28 shows the results of cateulatk)n of Equaton 2 with n^ ~ 1 .5908 for example. In contrast to the 
graph of Fig. 13 for the eariier device, this graph of Fig. 28 proves that the quarter-wave plate having refractive index 

55 in the thickness directk>n can conskierably reduce a change of retardation. Accordingly, the applicatk)n of these quarter- 
wave plates 1 34 and 1 36 can realiz an optical syst m with an improved S/N-ratk>. 

In this embodiment, the first and second quarter-wav plates 134 and 1 36 ar disposed with their stretch-giving 
axes intersecting with each other at right angles. Namely, th str tch-giving axes 61 and 63 of the first and second 
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quarter-wav plates 134 and 136 are tilted at -h45 degr es and -45 degrees respectiv ty to th transmission axis 62 
of a first polarizer plate 32 as shown in Fig. 27. 

The first and second quarter-wave plates 134 and 136 thus arranged can cooperatively cancel the r tardation of 
light passing therethrough. Therefore, light from th first polariz r plate 32 passes the first arKj second quarter-wav 
s plates 1 34 and 1 36 and emerges th ref rom as polarized in a direction corresponding to the transmission axis direction 
of the first polarizer plate 32. Thus the second polarizer plate 137 disposed with its transmission axis 64 intersecting 
at right angles with the transmission axis 62 of the first polarizer plate 32 can absorb light rays that may be directly 
transmitted from the LCD to the user's eye as noise light. 

Signal light enlarged by the ptano^convex lens 33 is emitted through the second quarter-wave plate 136 as light 
10 polarized in a plane normal to the noise light. The signal light then passes the second polarizer pbte 1 37 and reaches 
the user's eye 38. 

If the quarter-wave plates have an ideal retardation characteristic, I.e., the same quarter-wave retardation with all 
wavelengths, the eariier optical device of Fig. 1 4 and the present embodiment of Fig. 27 may perform the same function. 
However, actual quarter-wave plate varies the retardation with wavelength and, therefore, the eariier optical device 
IS produces noise light. 

On the contrary, the optical system according to the present embodiment has the first and secorwJ quarter-wave 
plates 134, 136 with their stretch-giving axes intersecting with each other at right angles, which can. cancel by each 
other their retardation characteristics, thus making retardation be zero irrespective of wavelength of light as shown on 
the graph of Fig. 29. Consequently, all rays having directly passed the quarier-wave plates can be absorbed by the 
20 second polarizer plate 1 37 disposed after the second quarter-wave plate 1 36, preventing the occurrence of noise light. 

The optical device according to the present embodiment can produce an image of an improved S/N-ratio by re- 
ducing noise rays by disposing the first and second quarter-wave plates 1 34 and 1 36 with their extension axes 61 and 
63 intersecting with each other at right angles. 

2S (Third Embodiment) 

In the first and second embodiments, each optical unit of their optical device includes a LCD 31 , a first polarizer 
plate 32, a plano-convex lens (reftecting-refracting means) 133, a first quarter-wave plate 134, a half-mirror 35, a 
second quarter-wave plate 136 and a second polarizer plate 137, which are disposed in said order from the incident 
30 side. However, an optical device according to the present invention is not limited to the above-mentioned arrangement 
of components. 

Referring to Fig. 30, an optical system wherein optical elements composing each optical unit are arranged in 
another different order will be described below by way of example as a third embodiment of the present invention. Fig. 
30 is illustrative of an arrangement of optical elements composing an optical unit of the optical device used in the third 
35 embodiment of the present invention. 

In this embodiment, as shown in Fig. 30, an optical unit comprises a LCD 31, a first polarizer plate 32, a first 
quarter-wave plate 1 34, a half-mirror-coated plano-convex lens (reflecting and refracting means) 1 33. a second quarter 
-wave plate 1 36. a half-mirror 35 and a second polarizer plate, which are disposed in said order from the incident side. 

Similarly to the first and second embodiments, this embodiment disposes the transmission axis 62 of the first 
^ polarizer plate 32 at 0 degree, the stretch-giving axis 61 of the first quarter-wave plate 1 34 at 45 degrees, the stretch- 
giving axis of the second quarter-wave plate 1 36 at -AS degrees and the transmission axis 64 of the second polarizer 
plate 1 37 at +90 degrees. 

In the optical device, light from the LCD 31 passes the plano-convex lens 1 33 and the second quarter-wave plate 
1 36 and enters into the half-mirror whereby light is split into two rays: transmitted light and reflected light Through the 
^ second quarter-wave plate 1 36 whose stretch-giving axis 63 intersects at right angles with the stretch-giving axis 61 
of the first quarternwave plate 134, the transmitted light is plane-polarized in the zerodegree direction and absorbed 
by the second polarizer plate 1 37. 

The light reflected from the half-mirror 35 is converted again to clockw^ circularly polarized light by the second 
quarter-wave plate 1 36 and then reflected from half-mirror surface of the plano-convex lens 1 33, thereby it becomes 
so counterclockwise circularly polarized light This counterclockwise circularly polarized light is then converted by the 
second quarter-wave plate 136 to plane-polarized light in the directkxi of +90 degrees, whk^h passes through the 
second polarizer plate 1 37 and reaches the user's eye 38. 

Similarly to the first and second embodiments, the present embodiment can effectively enlarge an image displayed 
on the LCD 31 by the half-mirror-coated plano-convex lens 1 33 through the above-mentioned process. The advanta- 
ss geous feature of the present embodiment is as folkws: 

In contrast t the eariier devrce (Fig. 23) wh r in light reflected from th half-mirror-coated surfac of th plano- 
convex lens 33 reflects at th LCD 31 1 produc noise light, the c^tical device ol the present mbodimenl, as shown 
in Fig. 30, can convert th reflected light from tiie half-mirror coated surface of the p^no-conv x I ns 1 33 to a coun- 
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terclockwis circularty-polarized light and absorb it by the first polariz r ptat 32. thus preventing the occurrence of 
nois light 

(Fourth Embodiment) 

5 

Referring to Figs. 31 to 36. the fourth embodiment of the present invention is described as follows: 
Fig. 31 is a plan view for schematically illustrating a HMD using an optical device which is the fourth embodiment of 
the present embodiment. Fig. 32 is illustrative of a wide-band-wave plate used in an optical device of the present 
embodiment, Fig. 33 is illustrative of a Poincare's sphere indicating characteristics of the wide-band-wave plate used 

10 in the optical device of the present emtxxjiment. Fig. 34 is a graph indicating wavelength dispersion characteristics of 
the wide-band-wave plate used In the optical device of the present embodiment arKJ Fig. 35 is graph indicating a 
wavelength-dependent spectral transmittance of the the wide-band-wave plate used in the optk^al device of the present 
embodiment. Fig. 36 shows another example of optical elements in an optical device of the present en^bodiment. 
The second embodiment (afore mentioned) of the present invention can considerably reduce an amount of noise 

IS light but does not much improve its characteristic of signal tight. Namely, the spectral transmittance of the optical unit 
is desirably constant within the range of visible-light wavelengths to increase color reproducibility of the display. Wrth 
a simple quarter-wave plate, the retardation of light therein varies with wavelengths and, therefore, light of wavelength 
other than the designed value is converted into elliptically polarized light, resulting in decreasing the transmittance. 
To solve the above-mentioned problem, the optical device of the present embodiment uses, instead of the first and 

20 second quarter-wave plates 34 and 36 of earlier simple constructed device, two (first and second) wideband-wave 
plates 234 and 236 (Fig. 31) each of which is prepared by bonding a quarter-wave plate with a half-wave plate at a 
specified angle. 

As shown in Fig. 32, the wideband-wave plates 234 and 236 used in the present invention are composed each of 
a half-wave plate 211 and a quarter-wave plate 212, which are bonded to each other with bonding material 213. The 

2S half-wave plate 211 has its stretch-giving axis disposed in the direction of -1 5 degrees and the quarter-wave plate has 
its stretch-giving axis disposed in the direction of -75 degrees. The half-wave plate 211 and the quarter-wave plate 
212 can be prepared by stretching (drawing) a high-polymer film. The plates used in the present invention are made 
of polycartxxiate that is well used as a material for retardation plates. 

The wideband-wave plates 234 and 236 are designed to act as a quarter^ave plate having an improved wave- 

30 length dispersion characteristic when plane-polarized light confined to the normal plane (0^) enters the wideband-wave 
plate 234 (236) from the half-wave plate side. Accordingly, they can convert the light into substantially circularly-polar- 
ized light irrespective of wavelength within the range of visible rays (400 nm - 700 nm). The application of these wide- 
band-wave plates in place of the conventional simple quarter-wave plates can therefore realize a considerable im- 
provement of the spectral transmittance characteristic of the optical device. 

35 The c^tical activity of the widet>arKi-wave plates 234 and 236 used in the present embodiment will be explained 

below by using the Poincare's sphere shown in Fig. 33. The wideband-wave plates 234 and 236 are conrtposed each 
of a half-wave plate 211 fiaving its stretch-giving axis of -15 degrees and a quarter-wave plate 212 having its stretch- 
giving axis of -75 degrees. On the Poincare's sphere, the stretch-giving axis of the half-wave plate 211 is represented 
by a line F and the stretch-giving axis of the quarter-wave plate 212 is represented by a line G. 

40 The half -wave plate 211 rotates the plane of polarized light by 180^ while the quarter-wave plate 212 rotates the 

plane of polarized light by 90*. Incident plane-polarized light confined to the normal plane is represented by a point A 
on the Poincare's sphere. Incident light whose wavelength corresponds to a reference wavelength is transferred to a 
point H by the quarter-wave plate 211 and then transferred to a point C (north pole) by the quarter-wave plate 212. 
The light is completely converted to counterclockwise circularty-polarized light that can also be obtained by simple 

^ quarter-wave plate. 

With incident light of a wavelength shorter than the reference wavelength, the half-wave plate 211 excessively 
retards and shifts the light to a point J (with a deviation from the point H) but the quarter-wave plate 212 compensates 
the deviation by Its excessive retardation and brings the light close to the point C. With incident light ol a wavelength 
longer than the reference wavelength, the half-wave plate 211 insufficiently retards and transfers the light to a point K 
so (with a deviation from the point H) but the quarter-wave plate 212 compensates the devafion by its insufficient retar- 
dation and brings the light close to the point C. Thus, the incSJent light of any wavelength can be converted to sub- 
stantially counterclockwise circularly-polarized light. 

The characterisfics of the wideband-wave plates 234 and 236 was analyzed by ratbs of circularly-polarized rays 
contained in output light. The analysis results are ptotted on the graph of Fig. 34. In comparison with the graph of Fig. 
ss 20 for conventional simple quarter-wave plates, the graph of Fig. 34 clearly trxJicates that the wideband-wave plates 
234 and 236 have an improved unit rm wavelength-dispersk»i characteristic. 

The wideband-wave plates 234 and 236 can b further improved in their wavelength-dispersion cftaracteristics by 
changing an angle betw en str tch-giving axes of its components. i.e.. the half-wav plat 211 and th quarter-wav 
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plate 212. The graph of Fig. 34 also indicates the characteristic of a wideband-wave plate wherein the half-wave plate 
21 1 and the quarter-wave ptat 21 2 are disposed at an angt of 55"* b tw en their str tch^iving axes. Th wideband- 
wav pbte (55**) is exc llent in uniformity of the characteristic within the range of visible light wavelengths (200 nm - 
700 nm) as compared with that of th wideband-wav plate (60<* as described (b) in Fig. 32). 
5 Not limited to th above-mentioned xample, th wideband-wave plat canb adapted to required specifications 

(e.g., necessary wavelength band) by adjusting an angle formed between stretch-giving axes of the half- wave plate 
and the quarter-wave plate. 

Fig. 35 is a graph showing a spectral transmittance characteristic of signal light obtained of the optical device using 
the above-mentioned wideband-wave plates 234 and 238. In comparison with the optical device using conventional 
10 quarter-wave plates (Fig. 21 ), the optical unit using the widebarrd-wave plates 234 and 236 has an improved transmit- 
tance of blue light arxj red light and attains further uniform spectral transmittance within the range of visible light wave- 
lengths. 

With half-wave plate 211 and the quarter-wave plate 212, which satisfy the condition > n2 > ny (n^, ny denote 
refractive indexes in the direction of orthogonal axes in a plane of the plates and denotes a refractive index in the 
IS direction of thickness of the plates), the embodiment can obtain an improved characteristic for signal light slantingly 
passing through the optical device as described for the first embodiments. This feature further increases the effective- 
ness of the shown embodiment. 

Although the above-described embodiment uses an optical device wherein a LCD 31, a first polarizer plate 32, a 
plano-convex lens 33, a first wideband-wave plate 234, a half -mirror 35. a second wideband-wave plate 236 and a 
20 second polarizer plate 37 are arranged in the described order from the incident side, the optical device according to 
the present invention is not limited to the above-mentioned arrangement of its optical components. 

Referring to Fig. 36, an example of an optical device composed of differently arranged optical elements is described 
as follows: 

The optical device shown in Fig. 36 connprises a LCD 31. a first polarizer plate 32, a first wideband-wave plate 
25 234 consisting of a first half-wave plate 211 and a first quarter-wave plate 212. a plano-convex lens 33, a second 
wideband-wave plate 236 consisting of a secortd half-wave plate 211 and a second quarter-wave plate 212, a hatf- 
mirror 35. and a second polarizer plate 37. which are arranged in the described order from the incident side of the 
system. 

The stretch-giving axes of the first half-wave plate 211 and the first quarter-wave plate 212 are directed to +15* 
30 and +75** respectively while the stretch-giving axes of the second half-wave plat 211 and the second quarter-wave 
plate 21 2 are directed to -1 5* arKi -75** respectively. The half-wave plate 21 1 and the quarter-wave plate 21 2 are bonded 
to each other at a specified angle that differs from the angle shown for the wideband^wave plate of Fig. 32. This means 
that the angle at which the hatf-wave plate 21 1 and the quarter-wave plate 21 2 are bonded to each other is not limited 
to the value shown in Fig. 32. The wideband-wave plate 234 of Fig. 3S converts plane-polirized light to clockwise 
35 circularly-polarized light while the wideband-wave plate shown in Fig. 32 converts plane-polarized light to clockwise 
circu^rty-polarized light. 

This embodiment may be realized by modifying the third embodiment by replacing the quarter-wave plates with 
the wkJeband-wave plates. Accordingly, the present optical device works to enlarge an image of the LCD 31 in the 
same way that the third embodiment does. Owing to uniform characteristics of the retardation plates, the present optical 
^ device is superior to the third embodiment in that retardatk>n plates have uniform wavelength characteristbs and can 
reduce noise light in a wide band of wavelengths with an inriproved S/N-ratio. 

The first wideband-wave ptete 234 and the first polarizer plate 32 cooperatively act as a circularty-polarizer plate 
and can widely absorb rays reflected from the half -mirror coated surface of the plano-convex lens 33 with result that 
reflection at LCD is reduced and a S/N-ratio of an innage of the LCD is further improved as compared with the third 
45 embodiment. 

(Fifth Embodiment) 

The fifth embodiment of the present invention will be descrtoed below with reference to Fig. 37 showing an optical 
50 device according to the fifth embodiment. 

All optical elements composing the c^tical unit according to the present embodiment are coated with anti-foflection 
coating. As described before with reference to Fig. 22. the eariier optical device produces noise light by unnecessary 
reflection at a viewer-side surface of a plano-convex lens 33 and both sides of a first quarter-wave plate 34. To avoid 
this, the optical components are coated with an anti-reflection layer or bonded to another component with adhesive 
S5 for optics. 

It is sakj that polycarbonate of the quarter-wave plat may not stably bear anti-reflection coat. Accordingly, an 
lement 301 made of acrylic sheet with an anti-reflecdion coating is bonded to each surface of the first quarter-wav 
plat 34 made of polycarbonat . as shown in Fig. 37. 
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In this embodiment, a second quarter-wav plate 36 is bonded to a half -mirror 35 (not to a plano-conv x lens 33) 
as shown in Fig. 37, for easy examination of th plano-conv x lens 33. Another combination of compon nts to b 
bonded can be, of course, possible. 

As described befor with r f erenc to Fig. 23, th eariier optical device produces nois light by unnecessary re- 
s flection from th black matrix of th LCD 31. To prevent this, th present embodiment us s a LCD 31 whos black- 
matrix is coated with a chrome coat, thus reducing the reflectance of the black matrix to 5% or less. 

Simitarty, the first polarizer plate 32 is bonded to the glass of the LCD 31 . as shown in Fig. 37. and has an anti- 
reflection coat on its surface facing to the ptarK>convex lens 33 to prevent unnecessary reflectk>n light therefrom. 

As described before with reference to Fig. 24, the earlier optical device produces noise tight caused by reflectbn 
10 from the second quarter-wave plate 36, the second polarizer plate 37 arvi the rear surface of the half-mirror 35. To 
prevent this, as shown Fig. 37, the half -mirror 35, the second quarter-wave pbte 36 and the second polarizer plate 37 
are bonded to each other and the outside surface of the second polarizer plate 37 is coated with an anti-reflectkxi coat 
in the present embodiment. 

The optical unit of the present embodiment since its components are coated with anti-reflection coatings can pro- 
is vide a high-quality image by minimizing noise rays to be caused by unnecessary reflection. 

(Sixth EmtxxJiment) 

Referring to Figs. 38 to 40, the sixth ennbodiment of the present invention will be described bebw: 
20 Fig. 38 is a schematic construction plan view for explaining a HMD embodying the present invention. Fig. 39 is a 

schematic perspective illustration of an essential porton of a back light of the HMD and Fig. 40 is a grossly enlarged 
sectional side view of an essential portk)n of a back light of the HMD. 

In this embodiment, as shown in Figs. 38 and 39, a LCD 31 is provided with a back light 112 that is a substrate 
401 whereon a plurality of blue-light-emitting dkxjes (LED) chips 402 is mounted with a fluorescent-nrtaterial 403 coated 
25 thereon. Adaptivety selected fluorescent-nnaterial 403 may emit yelbw-cobred light by illuminated by blue-color light. 
These two cobr rays are synthesized to produce white light necessary for the back light 

However, emitting diodes 402 must be densely nrK>unted on the substrate since each dkxJe can emit not sufficiently 
bright light Accordingly, an example of designing arrays of these blue-light emitting diodes 402 for a LCD of 1 .3 irK:hes 
in size. A LED 402 is supposed to emit light whose brightness is 40 mcd at a DC forward voltage of 3.6V and a DC 
30 forward current of 20 mA. 

It is supposed that the back light must have a luminance of 40000 nt {cdfw^. It is simply determined that the LEDs 
are disposed at inten^ls of 1 mm on the back light substrate. When a 1 .3-inch panel is of 26 mm in length and 20 mm 
in width, a total luminous intensity is determined as 40 X 26 X 20 = 20800 mcd = 20.8 cd. Accordingly, a luminance 
is determined as 20.8 cd -s- 520 x 10-%n2 = 40000 nt. The required cortditions can be obtained. 
3S It is difficult to mount the blue LED chips at intervals of 1 mm on the substrate by a usual wire bonding method. In 

this embodiment, as shown in Fig. 40, electrode terminals 404 are disposed one at each side of each blue LED 402 
and bonded with corKluctrve adhesive 405 onto respective wiring patterns 406 on a substrate 401 . 

As described above, the HMD according to the present embodiment uses a LCD 31 with an LED type back light 
112 that, in comparison with a conventkxial cold-cathode-tube type back light, has a very small heat-radiation and no 
40 need of using an inverter, assuring thereby savings in size and weight and eliminating the possibility of causing noise 
light of electromagnetic wave. Thus the HMD with the LED back-light is smaller (thin) and lighter and comfortable to 
nrKXjnt on the head. 

In the optical systems according to embodiments 1 to 5. light passes a plurality of times the half-mirror, resulting 
in decreasing the transmittance. Applicatbn of the LED type back light 112 enables the HMD to easily obtain a high 

^ luminance and therefore to supply a bright image through its bw4ransmittance optbal system. 

Although the embodiments of the present inventkxi are described with a LCD 31 used as display device, it is also 
possible to use an electroluminescent dispby (ELD) which has no need of back-lighting and provides a wkle visual 
angle an image. The use of the ELD can therefore offer further savings in thickness and weight of the HMD that can 
also realize an increased uniformity of brightness and color of an image. 

so The ELD is applied with its black-matrix having anti-reflection coating as described before for LCD 31 . This reduces 

an arTKHjnt of noise rays caused by reflectbn from the black matrix of the ELD, improving the quality of an image to 
be produced. 

However, the ELDs available today is infertor in resolutbn than the LCDs. Accordingly, the ELD is selected where 
the priority is given to saving tn thickness of the HMD than the resolutbn. 
55 As is apparent from the foregoing description, the image display devices according to the present invention offer 

th folbwing advantages: 

An c^tical devbe according to the present invention is characterized in that it uses a reflecting and refracting means 
having a half-mirror coating. whk:h is made of a copolymerized rmcrorTK>lecular material having positiv and n gativ 
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photoelastic coefficients relative to an internal stress. Nam ly, adaptive copolymerization of the macromolecular rra- 
tertals eliminates tfie possibility of doubl refraction. Th r fleeting an6 refracting means allows tight to pass there- 
through not with ut being disturbed in its polarized state, eliminating the possibility of directly transmitting noise light 
from th LCD t the user's y . Thus, signal light is not affected by the nois light and can produc an image having 
s an improved S/N ratio. 

Anther optical device according to the present invention is characterized in that the first second quarter-wave plates 
have refractive power in their thickness direction, which value lies within a maximal refractive index and a minimal 
refractive index within the plate surface. Thus the first quarter-wave ptate and the second quarter-wave plate can 
suppress a change in retardation of light slanted into respective plates, reducing noise rays that may obliquely entering 

10 the user's eye and surrounds an image produced by signal light. 

Another optical device according to the present invention is characterized in that has the first and seccmd quarter- 
wave plates are disposed with their stretch-giving axes intersecting each other at right angles. The first and second 
quarter-wave plates thus arranged can cooperatively cancel the retardation of light passing therethrough. Namely, light 
from the first polarizer plate passes the first and second quarter-wave plates and becomes to have polarization direction 

IS corresponding to the transmission axis direction of the first polarizer plate. Thus the second polarizer plate disposed 
with its transmission axis normalty intersecting the transmission axes of the first polarizer ptate can absorb light rays 
that may be dirertly transmitted from the LCD to the user's eye. 

Another optical device according to the present invention is characterized in that the second quarter-wave plate 
and the second polarizer plate cooperatively work as a circularly polarizer plate that can absorb external noise tight 

20 reflected from the half-mirror, improving a S/N-ratio d an image formed by signal light having passed the system. 

Another optical device according to the present invention is characterized in that the first quarter-wave plate arKl 
the second polarizer plate cooperatively work as a circularly polarizer plate that can absorb light reflected from the 
reflecting and refracting means, thus reducing reflection from the LCD with improving a S/N-ratio of an image formed 
by signal light having passed the device. 

2S Another optical device according to the present inventbn uses wtde-band-wave plates each of which is composed 

of a half-wave plate and a quarter-wave plate bonded to each other and having axes intersecting with each other The 
application of the above-mentioned wide-band-wave plates can considerably prevent a change of characteristics with 
wavelengths, thus improving a S/N-ratio in the range of wavelengths deviated from the designed value. 

Another optical device according to the present inventkxi is characterized in that half-wave plate are made of the 

30 same kind df material and at least either one of wave-plates satisfies a conditk)n n^n2>ny where n^ and riy are 
refractive indexes in orthogonal directk>ns and thickness direction, respectively, in a plane of the wave-plate. This wave 
ptate can prevent a change in retardatk>n of slanting incKlent tight to thereto, thus reducing the slanting light that may 
be visible by the user's eye as noise at periphery of an image to be formed by signal light. This improves a S/N-ratio 
of an image to be provided. 

3S Another optk:al device according to the present invention is ctiaracterized in that an angle "p" formed between 

optical axes of the quarter-wave ptate arKi the half-wave plate is larger than 50 degrees and smaller than 70 degrees. 
This constructk)n can further improve the uniformity of wavelength characteristics of the wide-band-wave plate, thus 
increasing a S/N-ratk> of an image to be provided by the devrce. 

Another optical device according to the present invention is characterized in that the second wide-band-wave plate 

^ and the secorxi polarizer plate cooperatively work as a wtde-band-wave circularly polarizer ptate that can absorb wide- 
band external noise light reflected from the half-mirror, thus improving a S/N-ratk) of an image formed by signal tight 
having passed the device. 

Another optcal device according to the present inventkxi is characterized in that the first wide-band-wave ptate 
and the first polarizer plate cooperatively woric as a wide-band-wave circularly polarizer ptate that can absorb wide- 
ns band noise light reflected from reflecting and refracting means, thus improving a S/N-ratk) of an image formed by signal 
light having passed the device. 

Another optical devk:e according to the present inventk3n is characterized in that the optical components have an 
anti-reflectk)n coat, thus reducing an amount of noise light resulted from unnecessary reflection. 

Another optical devce according to the present invention is characterized in that the optical components are bonded 
so to each other with adhesive for optics, thus reducing an arrwunt of noise light resulted from unnecessary reflection. 

An HMD according to the present invention is composed of any one of the atx>ve-mentk>ned optk:al device, a t>ack 
light and a Ik^uki-crystal display (LCD). It has a wkJe-fiekl angle and is a thin and light to comfortably wear and can 
provide a high-quality image. 

Another HMD according to the present inventbn is characterized in that a black-matrix contained in the liquid 
ss crystal display has been subjected to anti-reflection processing. This feature can reduce an amount of noise tight 
caused by reflection on th LCD, thus r alizing a further improved image quality of the HMD. 

An th r HMD according to the present inventk)n is characterized by using a tight-emitting diode (LED) as a back 
light for Iquid-crystat display. The HMD may be mor compact and comfortable to use sine the LED back light is thin 
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and light. This LED back-light radiates a very small amount of heat and can easily attain a high brightness. The appli- 
cation of this back light enables th HMD to provide a bright image. 

Another HMD according to the present invention comprises any one of the abov -mentbned optical devices and 
an lectroluminescent display (ELD). In comparison with a HMD with a LCD display, this HMD has n need of using 
5 a back light and nr@y b furth r compact. 

Another HMD according to the present invention is characterized in that a black-matrix contained in the electrolu- 
minescent display has been subjected to anti-reflection processing. This feature can reduce an amount of noise light 
caused by reflection on the ELD. thus attaining a further improved image quality of the HMD. 

10 

Claims 

1 . An optical device having a first polarizer plate (32) disposed at an incident skJe and a second polarizer plate (37. 
137) disposed at an outgoing side, between which a half-mirror-ccated reflecting-refracting merjis (33, 133), a 

IS first quarter-wave plate (34. 134). a half -mirror (35), and a second quarter wave plate (36, 133) are disposed, 

wherein the reflecting-refracting means (33, 1 33) is prepared from copolymer of high-molecular compounds having 
positive and negative photoelasttc coefficients in respect to an inner stress. 

2. An optical device having a first polarizer plate (32) disposed at an incident side and a second polarizer plate (37. 
20 137) disposed at an outgoing skJe. between which a half-mirror-coated reflecting-refracting means (33. 133). a 

first quarter-wave plate (34, 134). a half-mirror (35), and a second quarter wave plate (36. 136) are disposed, 
wherein the first quarter-wave plate (34. 1 34) and the second quarter-wave plate (36, 1 36) have refractive indexes 
in their thickness direction and sakj refractive indexes lie between a minimal value and a nrtaxinnal value of the 
refractive indexes in a surface plane directnn of the wave-plates (34, 36, 134. 136). 

25 

3. An optical device having a first polarizer plate (32) disposed at an Incident side and a second polarizer plate (37, 
137) disposed at an outgoing side, between whk^h a hatf-mirror-coated reflecting-refracting means (33, 133), a 
first quarter-wave plate (34, 134), a half-mirror (35). and a second quarter wave plate (36. 136) are disposed, 
wherein the first quarter-wave plate (34. 1 34) and the second quarter-wave plate (36. 1 36) are disposed with their 

30 stretch-giving axes being normal to each other. 

4. An optical device as defined in any one of claims 1 to 3. characterized in that the first polarizer plate (32), the 
reflecting-refracting means (33. 1 33), the first quarter-wave plate (34, 1 34). the half-miror (35). the second quarter- 
wave plate (36. 1 36) and the second polarizer plate (37. 1 37) are disposed in said order from the incident side. 

35 

5. An optical device as defined in any one of claims 1 to 3. characterized in that the first polarizer plate (32). the first 
quarter-wave plate (34, 134), the reflecting-refracting means (33. 133), the second quarter-wave plate (36, 136). 
the half-mirror (35) and the second polarizer plate (37, 1 37) are disposed in said order from the incident side. 

40 6. An optical device having a first polarizer plate (32) disposed at an Inckient side and a second polarizer plate (37, 
137) disposed at an outgoing skJe. between whk:h a half-mirror-coated reflecting-refracting means (33, 133). a 
first wide-band-wave plate (234), a half-mirror (35), and a second wkfe-band-wave plate (236) are disposed, where- 
in the first wkJe-band-wave plate (234) and the second wkie-barKi-wave plate (236) are prepared each from a 
quarter-wave plate (212) and a half-wave plate (211) whk:h intersect with their optbal axes and bonded to each 

45 other. 

7. An optk:al devk;e as defined in claim 6, characterized in that the quarter-wave plate (212) and the half-wave plate 
(21 1 ) are made of the same kind of nnaterial and at least e'rther one of wave-plates satisfies a conditk>n n^^^n^ 
where n^, n^ and ny are refractive indexes in orthogonal directk)ns and thrckness direction, respectively, in a plane 

50 of the wave-plate. 

8. An optical device as defined in claim 6 or 7. characterized in that an angle 'p' formed between optical axes of the 
quarter-wave plate (212) and the half -wave plate (211) is larger than 50 degrees and smaller than 70 degrees. 

55 9. An optical devk:e as defined in any one of claims 6 to 6. characterized in that the first polarizer plate (32). the 
r flecting-r fracting means (33, 133), th first wid -band-wave plate (234). the half-mirr r (35). the second wkie- 
band-wav plat (236) and the second polarizer plate (37. 1 37) ar disposed in sakJ order from the inckJent side. 
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10. An optical device as defined in any on of claims 6 to 8, characterized in that the first polarizer plat (32), th first 
wide-band-wave plat (234), th reflect ing-refracting means (33, 133), the second wide-band-wav plat (236), 
the half-mirror (35) and th second polariz r plate (37, 1 37) are disposed in said rder from th tncid nt sid . 

5 11 . An optical devic as defined in any one of claims It 10, characterized in that th optical compon nts are coated 
each at either one side with an ant'hreflection coat. 

1 2. An optical device as defined in any one of claims 1 to 1 0. characterized in that any one pair of the optical components 
is txxided to each other with adhesive for optics. 

10 

13. A head-mounted display device which comprises an optical device defined in any one of claims 1 to 12, a back 
light (12, 112) and a liquid crystal display (31). 

14. A head-mounted display device as defined in claim 13, characterized in that a black-matrix contained in the liquid 
IS crystal display (31 ) is provided with ant}-reflectk>n means. 

15. A head-mounted display device as defined in any one of claims 13 and 14, characterized in that the back light 
(112) has a substrate (401) provided thereon with a light-emitting diode chip (402) with an electrode and a fluo- 
rescent material (403) applied on the substrate (401). 

20 

16. A head-mounted display devce which comprises an optical device defined in any one of claims 1 to 12 and an 
electroluminescent display. 

17. A head-mounted display device as defined in claim 16, characterized in that a black-matrix contained in the elec- 
2S trolumtnescent display is provided with anti-reflection means. 

1 8. An image display device comprising an image forming element and an optical system for transmitting light to enable 
a user to view an image formed by sakj image forming element, said optcal system comprising first polarizing 
means at an incklent skJe of sad system, a second polarizing means at a light outgoing skje of the system, a light- 

30 converging focusing element between said first and second polarizing means, a partial reflecting means between 

said focusing element and said second polarizing means for returning a part of the light once transmitted through 
said focusing element for a second, and upon further reflection by further partial reflecting means on the inckient 
side of sakJ focusing element, a third pass through said focusing element, and means for inhibiting the output from 
said device of unwanted light whbh has passed only once through sad focusing element by imposing on sad 

35 unwanted light a polarization in a direction perpendk:ular to the direction of polarized light transmission of the 

second polarizing means, sad inhibiting means comprising a first quarter wave element between the image forming 
element and the focusing element and a second quarter wave element between the focusing element and the first- 
mentioned partial reflecting means, whereby light which has been circularly polarized by said first quarter wave 
element and then reflected by said further partial reflecting means retransmits through said first quarter wave 

40 element to become plane polarized and thence bkx:ked by sad first polarizing means. 
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